Abstract. Saturated groundwater flow and tracer experiments using fluorescent dye, chloride, and the herbicides mecoprop and simazine were carried out in the laboratory using three large-diameter (0.5 m) undisturbed columns of fractured clayey till. Hydraulic conductivity of the columns ranged from 10 -s m/s in the shallowest column (1 rn depth) to 10 -7 m/s in the deepest column (4 rn depth) and were similar to field-measured values for these deposits. Results of the tracer experiments are consistent with a conceptual model of advective transport along the fractures combined with diffusion into the finegrained matrix between the fractures. Arrival of the chloride tracer in the effluent was highly retarded relative to fracture flow velocities calculated on the basis of the cubic law and measured values of fracture spacing and hydraulic conductivity. The herbicides were more strongly retarded than the chloride at low flow rates, but at higher flow rates the herbicides arrived with the chloride, indicating the influence of nonequilibrium sorption of the herbicides to fracture walls and the matrix solids. The columns were dismantled following the tracer experiments and mapping under UV light showed that nearly all of the visible, weathered fractures (and the few root holes in the case of the shallowest sample) were active transport pathways, with the dye appearing mainly on the fracture surfaces and as a "rim" in the adjacent matrix. Concentration profiles measured perpendicular to the fracture surfaces showed that the herbicides had also moved into the matrix, apparently by diffusion. Simulations of solute transport with a discrete fracture flow/matrix diffusion model showed that the simulations could be "fit" to the data if all of the visible fractures were hydraulically active, but could not be fit if all or most of the flow was channelled through just the primary fractures (defined by prominent oxidation stains). Simulations with an equivalent porous media (EPM) model could not fit the data using the measured total porosity as the effective porosity. The simulations could likely be fit with a smaller value of effective porosity, but this would limit applicability to field situations because fitted effective porosity is expected to change with physical scale and residence time of the solute in the soil.
have shown that in fractured clayey glacial deposits dissolved contaminants or environmental tracers can migrate at faster rates than those measured in unfractured ing approaches used for flow and solute transport in fractured media are (1) discrete fractures (DF) with no matrix interaction, (2) discrete fractures with advection and/or diffusion into the matrix blocks (DFMD) between fractures, (3) single porosity continuum or equivalent porous medium (EPM) approaches, and (4) dual porosity continuum (DP) approaches with transfer between pore regions. In the DF approach (described by Smith and Schwartz [1984] ) flow and solute transport is assumed to occur only in explicitly defined fractures. Attachment to fracture walls can be allowed, but there is no interaction between the fracture pore water and the matrix between fractures. This approach may be appropriate for very low porosity rocks, but experimental investigations in fractured highporosity deposits (such as clay tills) have shown that diffusion into the matrix is a major factor in controlling solute transport [Grisak et al., 1980; McKay et al., 1993b; Hinsby et al., 1996] . Application of DF models to these high porosity materials tends to greatly overestimate contaminant transport rates. Models that incorporate both transport through discrete fractures and diffusion into the matrix (DFMD models) have shown that fractures can greatly increase transport rates relative to unfractured clay or rock, but rates are still orders of magnitude slower than would be predicted by the DF models without matrix diffusion [Sudicky and McLaren, 1992; Harrison et al., 1992] .
Both the DF and the DFMD approaches are dependent on estimates of fracture aperture and fracture geometry (spacing, length, and orientation). Fracture geometry can often be measured in core samples and outcrop, but it is usually not possible to directly measure aperture or distinguish between fractures that are "open" to flow and those that are "closed" under the in situ stress conditions. Aperture values are generally calculated using the so called cubic equation with measured hydraulic conductivity and fracture spacing/orientation data [Snow, 1969; McKay et al., 1993a] . This calculation assumes that all fractures have the same value of aperture, that there is no flow in the biopores (or they are represented as part of the fracture system), and there is no channeling of flow along larger aperture pathways within individual fractures. These assumptions introduce significant uncertainty into calculated apertures and subsequent transport simulations. In cases where most of the flow occurs through a few larger aperture fractures, transport could be much faster than predicted by simulations assuming flow is evenly distributed between fractures.
In the equivalent porous medium (EPM) approach the fractured system is represented by a single porosity continuum (or series of continuums for heterogeneous materials). Flow and transport can be represented by plug flow or by the advection dispersion equation [Freeze and Cherry, 1979; Berkowitz et al., 1988 ]. This approach is numerically simple and is widely used. The EPM approach is valid only in systems where the flow and transport properties of the fracture network do not vary greatly with scale or position, so that a representative elemental volume (REV) for the material can be defined at a physical scale that is substantially smaller than the system being modeled. With respect to flow, conditions that favor EPM behavior include high fracture density, frequent fracture intersections, and uniform aperture size [Long et al., 1982] . If a contaminant diffuses rapidly into the matrix blocks, relative to the rate of advection along the fractures and if the spacing between fractures is small, then the system can be modeled using the advection dispersion equation with effective porosity equal to total porosity [van der Kamp, 1992] . In cases with larger fracture spacing or slower diffusion the EPM approach may still "fit" the data but do so at an effective porosity less than the total porosity, and this fitted parameter will change with the physical and temporal scale of the transport problem. As a result, the EPM approach is most appropriate for cases where there is no significant matrix porosity (in which case effective porosity equals fracture porosity) and for cases where the material is highly fractured and diffusion is rapid (in which case effective porosity equals total porosity).
The dual porosity (DP) continuum approach [Huyakorn et al., 1983] has the same REV limitations as the EPM approach, but like the DFMD approach it has the added advantage that transfer between the fractures and matrix can be included.
There are a variety of methods of accounting for transfer between pore regions, ranging from "fitted" transfer coefficients to measured diffusion coefficients and ped sizes. This approach has been used in highly fractured soils but is expected to be less appropriate for clayey tills where fractures are often more widely spaced.
The preceding modeling approaches can be used in either a deterministic or a stochastic mode. In the commonly used deterministic approach a single set of input values, often cho-sen on the basis of measured or assumed parameter values and boundary conditions, leads to a solution consisting of a concentration versus time breakthrough curve at a specific point within a system or the distribution of concentration values within the system at a given time. If concentration data from experiments or monitoring of existing contaminant plumes is available, the model may be fit to the data by varying one or more of the input parameters. The reliability of the solution is dependent on the uncertainty of the input data, which is not explicitly stated. In a stochastic approach, uncertainty of parameter values (such as fracture aperture) can be included with the input data and results in a probabilistic solution [Fetter, 1993] . Although the stochastic approach has some advantages, it is also limited by the difficulties related to measurement of parameters such as fracture aperture and by the scarcity of case studies for model calibration.
There are only a few cases where numerical models have been applied to solute transport data from fractured, clay-rich deposits. Pankow et al. [1986] showed that in one case in highly fractured unconsolidated silts the EPM approach was appropriate, but in another case, in sparsely fractured shales, the EPM approach was not successful. In a field tracer experiment in clay-rich glacial deposits McKay et al. [1993b] showed that both the EPM and the DFMD approaches could describe transport in the highly fractured (spacing 0.01-0.1 m) upper 3 m of the deposit, but below 3 m depth, where fractures were widely spaced, transport followed a few individual fractures and the EPM approach was not appropriate. In a recent study of a 16-year-old tritium plume in a weathered and fractured shale (typical fracture spacing estimated at <0.15 m) the resuiting plume had a smooth shape and could be fit with either an EPM [McKay et al., 1997] or a DFMD [Stafford et al., 1998 ] approach. In this case, where fracture geometry and aperture were not well characterized, the EPM approach was preferred because it fit the plume with a unique set of parameters, while there were a variety of fracture scenarios that could have fit the same plume with the DFMD approach.
The objectives of the investigations presented in this paper are to (1) experimentally investigate groundwater flow and transport of reactive and nonreactive solutes in undisturbed columns of clayey till which are large enough to contain a significant number of fractures and biopores; (2) apply and compare two types of models, single-continuum (or EPM) and discrete fracture/matrix diffusion (DFMD), for simulating contaminant transport in the samples; and (3) obtain fracture scale data and modeling parameters, particularly fracture spacing, hydraulic aperture and fracture porosity, for future use in field-scale modeling and contaminant risk assessment.
Field Site Description
The till columns used in the experiments were collected in an orchard near the village of Havdrup, 40 km southwest of [Fredericia, 1990; Foged and Wille, 1992] , so it is assumed that groundwater infiltration and transport of contaminants in this deposit is controlled mainly by the observed fractures and biopores. This is sup- 
Chemical Analyses
Chloride concentrations in the influent and effluent were continuously monitored with an electric conductivity meter (Radiometer A/S) and data logger. A test performed [Hinsby et al., 1996] showed that the conductivity meter measurements could be directly correlated with the breakthrough of chloride (measured by specific analyses). Recorded effluent conductivities (e e) were normalized (e * ) to influent conductivities (e i) with the expression e * = (ee --e background) / (ei -e background)' Influent and effluent p H were measured using a Radiometer oe H meter. Extraction of pesticides in water samples was made with dichloromethane. Monitoring of simazine and mecoprop in the influent and effluent (percolate) extracts was carried out with high-performance liquid chromatography (HPLC) and UV detection at 229 nm. Effluent concentrations of pesticides (Ce) were normalized (C*) to influent concentration (Ci) as C* = Ce/C i because Cbackgroun d of pesticides was below detection limit (0.01 tagram/L). Fracture wall matrix materials were sampled from the columns after the pesticide experiment. Soil solutions from these samples were extracted with dichloromethane and the extracts were subject to HPLC analysis as described above.
Experimental Results and Discussion

Bulk Hydraulic Conductivity and Flow Rates
The results of the saturated hydraulic conductivity tests carried out prior to the tracer experiments are shown in 
Dye Tracer Experiment
The 
Modeling of Transport in Fractured Media
Transport Model
The column experiments were simulated using a 2-D model ( 
EPM Total-Porosity Simulations of Chloride Transport
The EPM plug flow velocity or the average velocity at C/Co = 0.5 of the advective front of a nonreactive tracer was evaluated using rs--' 0e (2) where K is the bulk hydraulic conductivity, i is the hydraulic gradient, and 0e is the effective porosity (set equal to total porosity for the following simulations). Using (2) the EPM plug flow velocity, Vs, was calculated for each column and compared with the velocity of the nonreactive chloride tracer front at C/Co = 0.5 (Table 5) . For all three columns tested the calculated EPM plug flow transport velocity is 3-8 times slower than the measured velocity of the chloride at C/Co = 0.5. This means that for the applied hydraulic gradient of 1, the EPM plug flow transport (using the total porosity as effective porosity) would underestimate the rate of tracer migration.
Simulations of chloride transport in each column were then carried out using the FRACTRAN model in EPM mode with values of Vs determined from (2) and other parameters as shown in Table 4 . The hydraulic conductivity value used to determine Vs for each column was determined from the hydraulic conductivity during the injection portion of each tracer experiment (Table 2) It is expected that at a lower hydraulic gradient and hence lower flow rate, the EPM modeling approach using total porosity would more closely fit measured breakthrough curves. At lower gradients or flow rates there is more time available for solutes to diffuse throughout the matrix and "sample" more of the total porosity. Under natural conditions, however, situations of high gradient and rapid fracture flow can occur during rainstorms or seasonally wet periods and much of the transport may occur during these periods. At the field site where the clayey till columns were collected vertical hydraulic gradients of 0.6-1 have been measured during wet periods [JOrgensen and Spliid, 1998 ].
Hydraulic Apertures and Fracture Porosity
The discrete fracture approach simulations of flow and transport through the columns were based on the primary assumption that flow through individual fractures can be represented by an analogy to laminar flow between two smooth parallel plates [Snow, 1968 [Snow, , 1969 . In this case the hydraulic conductivity of a fracture, Kf, is given by the so-called cubic law 
Calculated hydraulic fracture apertures for the cases with single and multiple primary fractures (scenarios 1 and 2 in Figure  9 ) are shown for the three columns in Table 6 . The calculations used mean hydraulic conductivity values measured in the injection portion of the chloride tracer experiments (Table 2) and the fracture spacings measured by the fluorescence dye tracer test (Table 1) Values of aperture determined for the pesticide injections were slightly different, because of variations in the flow rate and calculated hydraulic conductivity, Kz. However, because aperture is related to the cube root of Kz, as shown in (6) and (8), the influence was small.
Discrete Fracture Simulations of Chloride Transport
To evaluate the influence of transport through a single fracture or through multiple fractures, the chloride tracer breakthrough was simulated for each column (conceptual scenarios 1 and 2 in Figure 9 ) using FRACTRAN with discrete fractures in a low-hydraulic conductivity matrix (l_)l•Ml_) approach). The simulations were carried out by using the fracture spacings and the hydraulic aperture values calculated by the cubic equation for each of the scenarios (Table 6) 
Pesticide Transport Simulations
The simulations of the pesticide experiments were carried out with the FRACTRAN model using the same fracture distribution and aperture values as for the "best fit" simulations of chloride transport (Table 6 ) and the base case parameters for the respective pesticides, as shown in Table 4 . The retardation factors were the only variables used for fitting simulations to the pesticide data and R in the matrix was assumed equal to R• in the fractures. Pesticide losses due to decay were assumed to be zero. Sensitivity analyses by FRACTRAN using decay rates measured for MCPP in the till, and literature values for simazine indicated that decay would be negligible over the short residence times measured in the column experiments [JOrgensen and Spliid, 1998 ]. Experimental and simulated breakthrough curves for the pesticides are shown in Figure 11 .
The simulated MCPP concentrations for column I closely fit the measured values using a retardation factor (R) of 1. In column II the simulated MCPP concentrations also provided a reasonable fit to the data using an R value of 1. The simulated simazine concentrations for column II fit the data using an R value of 2. A good fit was achieved for MCPP using an R value The large difference in fitted R values between columns I and II and column III is likely due to nonequilibrium sorption of the pesticides, especially simazine. In columns I and II flow rates were a factor of 20-125 times higher than for column III (Table 2) , and hence there was more time for sorption of the pesticides in column III. This is consistent with the profile of simazine in the matrix of column III (Figure 7a) , which showed that diffusion of simazine out of the matrix during the flushing stage of the experiment was much slower than for MCPP. As well, the lower values of mass recovery (Table 3) 
Conclusions and Implications
Groundwater movement through the undisturbed columns in this study is controlled by flow through the visible stained fractures and, in the case of the uppermost column, by flow through a few root channels. The saturated hydraulic conductivity of the columns was similar to field-measured values in the tills, which decrease with depth and fracture density, indicating that the columns were generally representative of field conditions.
Results of transport experiments using nonreactive and reactive solutes are consistent with a conceptual model of advective transport through the fractures combined with diffusion into the relatively immobile pore water in the matrix between the fractures. This was indicated by the characteristics of the solute breakthrough curves (rapid initial concentration rise, followed by slower increase during the injection and a very long "tail" during the flush), by the measured distribution of solutes in the matrix adjacent to the fractures, and by the distribution of a dye tracer along the fractures. At high flow rates the reactive pesticide tracers migrated essentially as nonreactive tracers, apparently because of nonequilibrium sotpriori, but these same tracers were significantly retarded at the slowest flow rate.
Simulations with an EPM model assuming transport through the total porosity of the material greatly underestimated solute transport rates at high hydraulic gradients as represented by the experiments. Although the simulations could likely have been fit to the lab data by decreasing the effective porosity (Oe), this approach is expected to be less suitable for field applications because 0 e aS well as the dispersion coefficient would change with physical scale, elapsed time, and flow rate.
Simulations with a discrete fracture flow/matrix diffusion (DFMD) model were capable of fitting both the hydraulic data and the solute transport data in all columns using measured fracture spacings and calculated hydraulic aperture values of 27-84/•m. This method, which is based on numerical descriptions of the actual interaction of the controlling processes for transport, is expected to better incorporate changes in transport behavior due to different scale, time, and flow rate than the EPM approach but also requires more detailed information on the physical characteristics of the deposits. The study suggests that numerical models based on discrete fracture/ matrix diffusion have potential for application in assessment of pesticide leaching risk in fractured clay-rich deposits and may have significant advantages over conventional EPM methods, especially in cases where fractures are widely spaced. The hydraulic aperture values determined from this study are similar to values determined at other sites in glacial clays in northern Europe and North America, so for risk assessment purposes it may be possible to use statistically determined fracture aperture distributions. Fracture spacing and depth will be key parameters needed for field applications and this could be very difficult to determine in cases where hydraulically conductive fractures do not have distinctive oxidation/reduction staining.
